Physical attachment between the replicated copies of each chromosome, the sister chromatids, is essential for their proper segregation during mitosis and meiosis. This attachment has been termed sister-chromatid cohesion. A conserved complex of at least four proteins, the cohesin complex, is necessary for cohesion in mitosis and localizes to chromosomes when sister-chromatid cohesion is present (for review see Nasmyth, 1999) . Recent papers show that the cohesin complex preferentially associates with the centromere regions of the yeast S. cerevisiae chromosomes, and cohesion is critical particularly at the centromere (Blat and Kleckner, 1999; Tanaka et aI., 1999; Megee et aI., 1999). In meiosis, the control of cohesion at the centromere has added complexity. A meiosis-specific cohesin complex has been identified in S. cerevisiae and S. pombe, providing the foundation for defining the regulation of meiotic cohesion at a molecular level (Klein et aI., 1999; Watanabe and Nurse, 1999) .
Physical attachment between the replicated copies of each chromosome, the sister chromatids, is essential for their proper segregation during mitosis and meiosis. This attachment has been termed sister-chromatid cohesion. A conserved complex of at least four proteins, the cohesin complex, is necessary for cohesion in mitosis and localizes to chromosomes when sister-chromatid cohesion is present (for review see Nasmyth, 1999) . Recent papers show that the cohesin complex preferentially associates with the centromere regions of the yeast S. cerevisiae chromosomes, and cohesion is critical particularly at the centromere (Blat and Kleckner, 1999; Tanaka et aI., 1999; Megee et aI., 1999) . In meiosis, the control of cohesion at the centromere has added complexity. A meiosis-specific cohesin complex has been identified in S. cerevisiae and S. pombe, providing the foundation for defining the regulation of meiotic cohesion at a molecular level (Klein et aI., 1999; Watanabe and Nurse, 1999) .
Accurate cell division requires that the sister chromatids segregate away from each other, and this coordination is possible because the sister chromatids become physically linked as they are replicated. This attachment makes it possible for the kinetochore of each sister chromatid to attach stably to microtubules from a different spindle pole than those attaching to the sister kinetochore. It is also crucial that release of cohesion does not occur until proper connections have been made between the kinetochores of the sister chromatids and the spindle microtubules. Thus, cohesion at the centromere and its proper regulation is essential. This critical role for cohesion at the centromere correlates with cytological observations that the sister chromatids are more closely attached at the centromeres than along the arms (for review see Moore and Orr-Weaver, 1998) . For example, in scanning electron micrographs of human and mouse chromosomes, individual sister chromatids arms become distinguishable in early mitosis, but the centromere regions are not visibly separate until the sisters segregate (Figure 1 ). Furthermore, treatments like hypotonic swelling of cells arrested in mitosis by spindle disruption cause separation of the chromatid arms but not the centromeres.
In meiosis the centromere regions do not separate until the second division (Figure 2) . In meiosis I, the reductional division, the homologous copies of each chromosome pair and segregate, while the sister chromatids segregate in meiosis II, the equational division. At the metaphase I/anaphase I transition cohesion on the sister chromatid arms is released, but it is retained at the centromeres, permitting each pair of sisters to migrate to the same pole as the homologs segregate.
Cohesion at the centromere then ensures proper attachment of the sister chromatids to the spindle in meiosis II and their accurate segregation. Centromere cohesion is released at the metaphase II/anaphase II transition.
Work in both yeast (for review see Nasmyth, 1999) and Xenopus (Losada et aI., 1998) identified the cohesin complex that is conserved from yeast to vertebrates. In S. cerevisiae the cohesin subunits are the products of the SCC lIMCD 1, SCC3, SMC1, and SMC3 genes. The SCClIMCD1 gene is homologous to the rad21 gene of other eukaryotes. Mutations in any of these genes cause premature separation of the sister chromatids prior to the metaphase/anaphase transition. Cohesion is established in S phase, and in yeast this requires the activity of two proteins that are not part of the cohesin complex, the products of the ECOllCTF7 and SCC2 genes (Skibbens et aI., 1999; Toth et aI., 1999) . Cohesin is localized in about 100 distinct spots on the chromosomes from nuclear spreads. In budding yeast, the key event in release of cohesion is the cleavage of Scc1 p/Mcd1 p under the control of the Esp1 p separin (Uhlmann et aI., 1999) . Once cleaved, Scc1 p dissociates from the chromosomes and cohesion is released.
Localization of Cohesin at the Centromere
One interpretation of the closer sister association at the centromere than on the arms in mitosis and the differential release of cohesion between the arms and at the centromere in meiosis was that a distinct form of cohesion existed at the centromere. For example, in addition to arm attachments, specialized proteins could promote cohesion at the centromere. Recent results support an alternative model for both mitosis and meiosis: the cohesin complex is responsible for cohesion both at the centromere and on the arms, and preferential localization to the centromere gives greater cohesion at the centromere. The localization of cohesin and functional analysis of cohesion in mitosis are described first (Blat and Kleckner, 1999; Megee et aI., 1999; Tanaka et aI., 1999) , and in the next section the meiotic results are discussed (Klein et al., 1999; Watanabe and Nurse, 1999) . (red) is present along the chromatids in S. cerevisiae, and particularly in the centromere regions in S. pombe (not shown). In contrast to mitosis, the sister kinetochores (blue) face the same pole. At the metaphase lIanaphase I transition arm cohesion is released, and the Rec8 cohesin complex persists at the centromeres. (E and F) In meiosis II the sister kinetochores reorient to face opposite poles. Rec8 cohesin dissociates and centromere cohesion is released at the metaphase II/anaphase II transition.
Two variants of cross-linking and chromatin immunoprecipitation experiments were used to map the sites of cohesin localization in mitotically dividing S. cerevisiae cells. In one, the DNA immunoprecipitated was recovered and used to prepare probes that were hybridized to filters containing clones covering chromosome III (Blat and Kleckner, 1999) . This permitted a survey of levels of cohesin localization across the chromosome. In the other set of studies, specific primer sets were used to PCR amplify the immunoprecipitated DNA to test for relative levels of specific fragments (Megee et aI., 1999; Tanaka et aI., 1999) .
All three reports find that cohesin binding is most pronounced in the centromere regions. Blat and Kleckner observe an enrichment of a 50 kb interval surrounding CEN3 (the centromere from chromosome III) in Mcd1 p/Scc1 p or Smc1 p immunoprecipitates, and Tanaka et al. find that of the fragments tested, those corresponding to CEN3 and CEN6 are most efficiently immunoprecipitated with Sccl p. In agreement, Megee et al. show that Mcd1 p is associated with CEN3 and CEN16 in mitotic cells. They further demonstrate that cohesin recruited by these CEN sequences can spread to adjacent DNA, even if that DNA would normally not bind cohesin.
Tanaka et al. extend these observations in experiments that test the minimal centromere sequences required for cohesin association. This was done by inserting centromeric fragments at a site on the arm of chromosome V, which normally does not have cohesin association, and testing for binding of Scc1 p. Insertion of a functional centromere would create an unstable, dicentric chromosome, so these researchers used a conditional centromere in which GAL-driven transcription across the centromere keeps it inactive. Under these conditions, the chromosome is stable and Scc1 p protein is not associated with the inactive centromere. Upon shifting to glucose media transcription is repressed, presumably the centromere is activated, and Scc1 p is now associated with the inserted centromere. Using this approach, Tanaka and colleagues find that the CDEIII centromere element to which the kinetochore proteins bind is sufficient to localize Scc1 p, although only at low levels. Addition of part of the A-T-rich CDEII element augments cohesin association. They further show that point mutations in CDEIII abolish cohesin association.
A critical issue is whether cohesin association in fact reflects the presence of sister-chromatid cohesion, and this appears to be the case. A functional assay for cohesion on a yeast minichromosome has been described recently . Fluorescence in situ hybridization or chromosomal binding of a GFP fusion protein is used to visualize separation of sister chromatids after excision of specific DNA fragments by site-specific recombination. This analysis demonstrated that the centromere is a cis-acting element for cohesion. In addition, excision of the centromere resulted in loss of cohesin binding as well as loss of cohesion, linking cohesin binding at the centromere with cohesion (Megee et aI., 1999) . Cohesin binding to a specific site is not sufficient for cohesion, however, because despite the ability of the CDEIII element to recruit cohesin, it does not provide functional cohesion. Tanaka et al. also find that a 900 bp CEN fragment provides poor cohesion, but this can be enhanced by addition of other cohesin association sites normally present on the arm of chromosome V.
Could cohesin concentration account for centromere cohesion in eukaryotes in which the centromere is more complex and flanked by extensive heterochromatin? Given the conservation of the cohesin complex, this possibility can be tested, and the S. pombe centromere that has blocks of heterochromatin will be a useful model. Increased association of cohesin could explain why in higher eukaryotes cohesion in the vicinity of the centromere is released later in mitosis than on the arms and is more resistant to destabilizing treatments. Nevertheless, it is likely that there are additional cohesion forces at more complex centromeres, possibly mediated via proteins bound to centric heterochromatin.
Localization of Cohesin along the Chromosome Arms
Both surveys of cohesin association sites in mitosis found that the cohesin complex is present on specific sites along the chromosome arms (Blat and Kleckner, 1999; Tanaka et aI., 1999) . Rather than coating the length of the chromosomes, there appear to be specific sites of cohesin binding, consistent with the discrete foci of cohesin seen in nuclear spreads. Blat and Kleckner find about 23 sites on chromosome III. Tanaka et al. also identified fragments from the arm of chromosome V at which cohesin associates. They were able to show further that short fragments of about 200 bp were able to confer cohesin binding to regions normally lacking this association. The base composition of the DNA appears to contribute to cohesin association. The cohesin localization sites on chromosome III largely correspond with regions that are A-T-rich in sequence. In the experiments in which cohesin binding was observed to spread from the centromere, an adjacent fragment with a higher A-T content appeared to bind more cohesin than a fragment on the other side of the centromere with lower A-T content (Megee et aI., 1999) . The same DNA fragment immunoprecipitated with cohesin with different efficiencies depending on its position on the minichromosome, however, indicating that DNA sequence alone does not dictate cohesin association (Megee et aI., 1999) .
A Meiosis-Specific Cohesin Complex Is De/ocalized in Stages
The Scc1 p/Mcd1 p/Rad21 protein shares homology with the Rec8 protein from S. pombe and phenotypes of recS mutants indicate the protein is needed for cohesion in meiosis (Molnar et aI., 1995; Krawchuk et aI., 1999; Parisi et aI., 1999) . Localization of Rec8 protein on S. pombe chromosomes supports such a role (Watanabe and Nurse, 1999) . The Rec8 protein is present as punctate foci in early prophase I and subsequently localizes to the centromere and adjacent regions. After the metaphase I/anaphase I transition, the amount of chromosomally localized Rec8 protein is reduced and that remaining is present solely at the centromere. Rec8 is no longer observed after sister-chromatid separation at anaphase II. Watanabe and Nurse find that mutations in recS cause separation of the sister chromatids in meiosis I, giving an equational rather than a reductional division.
Klein and colleagues describe a parallel story in S. cerevisiae (Klein et aI., 1999) . They observe only low levels of Scc1 p/Mcd1 p in meiosis, while Rec8p is induced during meiosis and is essential for sporulation. Mutation of recS causes premature sister-chromatid separation and random segregation in meiosis I, as does mutation of the smc3 cohesin subunit. Both of these proteins are present in foci in early prophase I and localize along chromosome cores in pachytene. In meiosis II the proteins are retained at the centromeres, colocalizing with the Ndc10p kinetochore protein, until sister separation at anaphase II.
Together the work in the two yeasts demonstrates a requirement for the meiosis-specific Rec8 cohesin subunit, and it suggests that during meiosis a new cohesin complex is formed that contains Rec8 and at least one subunit shared with the mitotic complex, Smc3. The Scc1 p/Mcd1 p/Rad21 subunit is likely to still function during meiosis, because in S. cerevisiae 50% of the spores are dead in an scc1 mutant, and in S. pombe Rad21 protein remains bound in the telomere regions. The fact that in recS mutants recombination is reduced only in the centromere intervals where Rec8 is localized raises the possibility that the Rad21 protein at the telomeres may be functional (Molnar et aI., 1995; Krawchuk et aI., 1999; Parisi et aI., 1999 ). Watanabe and Nurse tested directly whether Rec8 could compensate for Rad21 in mitosis by expressing the Rec8 protein in a rad21 mutant strain. Rec8 did rescue growth in the rad21 mutants. In a reciprocal experiment, however, overexpression of Rad21 did not complement the meiotic defect of recS mutants.
The localization of Rec8p and Smc3p are particularly striking in that their presence on chromosomes matches the temporal and spatial profile for sister-chromatid cohesion. These cohesin subunits localize to the chromosomes when the sister chromatids are attached along their lengths. After release of arm cohesion at anaphase I, the proteins are present only at the centromeres. The proteins are no longer detectable on the chromosomes after anaphase II, when centromeric cohesion has been released. The persistence of the Rec8 cohesin complex at the centromere after the dissociation of cohesin from the arms at the metaphase I/anaphase I transition implies that it is protected at the centromere until the metaphase II/anaphase II transition. For example, if Rec8 is cleaved in response to free Esp1 as is Scc1 p/ Mcd1 p in mitosis, Esp1 may be restricted from the centromere region.
The Role of Cohesin in Recombination and Synaptonemal Complex Formation
Mutations in the recS gene of either yeast reduce meiotic recombination (Molnar et al., 1995; Klein et aI., 1999; Krawchuk et al., 1999; Parisi et aI., 1999) . These mutations also disrupt the formation of protein structures observed to link the sister chromatids and homologs in meiosis. In S. pombe linear elements normally form between the sister chromatids in prophase I, and this is defective in recS mutants (Molnar et al., 1995) . In S. cerevisiae, as in most organisms, a trilaminar structure called the synaptonemal complex is formed transiently in prophase I. The synaptonemal complex consists of axial elements on each pair of sister chromatids connected by a central element between the homologs. Klein and colleagues show that in S. cerevisiae neither the axial elements nor synaptonemal complex form in recS mutants. It is possible that axial elements and synaptonemal complex are precluded from forming if the sister chromatids are not properly attached to each other. Alternatively, cohesin may more directly contribute to the structure of the synaptonemal complex, possibly as a component. For example, cohesin could be part of the axial element, and correct formation of the axial elements is likely to be a prerequisite for assembly of the synaptonemal complex. In addition to cohesin, in the fungus Sordaria Sp076 is a conserved protein required for cohesion, proper axial element and synaptonemal complex formation, recombination and it is also necessary in mitosis. The protein has a striking timing of chromosomal localization that suggests a role coordinating condensation, cohesion, and homolog interactions (van Heemst et al., 1999) . It will be interesting to determine the relationship of Sp076 with the cohesin complex.
It is unclear how direct a role the cohesin complex has in recombination and DNA repair. In budding yeast Klein et al. show that the double-strand breaks that initiate meiotic recombination occur normally in recS mutants, but these are not repaired and recombinants are not generated. S. pombe rad21 mutants also appear defective in double-strand break repair in mitosis (Jessberger et aI., 1996) . The effect of cohesin mutations on double-strand break repair may be indirect, in that cohesion may be a prerequisite to present a sister or homolog template for repair. The possibility of a direct role of cohesin subunits in DNA repair and recombination awaits further experimentation.
The Relationship between Sister-Chromatid Cohesion and Kinetochore Behavior
The centromeric localization of cohesin raises two questions about the relationship between sister-chromatid cohesion and kinetochore function. The first is whether cohesin binding and kinetochore assembly are interdependent. The second is whether cohesion controls the orientation of sister kinetochores both with respect to each other and the spindle poles. Regarding the first question, the functional role of the core centromere elements in cohesion and cohesin binding suggest a relationship between cohesion and the kinetochore. Tanaka et al. tested this directly by examining cohesin association with the centromere in kinetochore protein mutants with seemingly paradoxical results. They find that the kinetochore proteins are not required for localization of cohesin to a normal centromere, but they are required for localization to a newly activated centromere inserted at an ectopic site. One explanation for these results is that a particular chromatin structure is needed for cohesin binding at the centromere and this can be epigenetically inherited. Thus, the normal centromere can retain its structure and ability to bind cohesin even if the kinetochore proteins are mutated, while de novo assembly of a centromere with bound cohesin requires a functional kinetochore. Conversely, Tanaka and colleagues found that kinetochore protein binding is unaffected when Scc1 p is depleted.
The orientation of sister kinetochores with respect to each other is regulated and differs between mitosis and meiosis ( Figure 2 ). In mitosis, the kinetochores face out in opposite directions from the sister chromatids, facilitating attachment to microtubules from opposite poles. In meiosis I, the two sister kinetochores of each homolog face the same pole, while in meiosis II their orientation is altered so that they face opposite poles. Cohesion has long been speculated to control kinetochore behavior (for review see Moore and Orr-Weaver, 1998) . Experiments in which a laser beam was used to cut connections between sister kinetochores in mitosis demonstrated that physical attachment is necessary to coordinate movement of sister kinetochores (Skibbens et al., 1995) . It has not been shown, however, that cohesion has a direct role in controlling kinetochore orientation or the behavior of the two sister kinetochores with respect to each other. The segregation of sister chromatids observed in meiosis I in S. pombe recB mutants is consistent with incorrect orientation of the sister kinetochores so that they face opposite spindle poles, but it could also arise as a secondary effect of loss of cohesion. Thus, this remains an open question. Prospects The identification of the cohesin complex and its role at the centromere permits delineation of the molecular mechanism by which cohesion is established and maintained. Among the questions that need to be answered are whether cohesin itself is a glue holding the sister chromatids together or whether it controls such a glue, whether cohesin acts between the axes of the sister chromatids or at chromatin loops, and the relationship between cohesion and kinetochore behavior. The mechanism by which the Rec8 complex persists at the centromere but then is released in meiosis II suggests a protective function that needs to be defined. The Drosophila MEI-S332 protein could be a prototype for such a guardian (Tang et aI., 1998) . Analysis of the biochemical properties of the cohesin complex will provide insights into potential activities in DNA repair and synaptonemal complex formation. Finally, the cohesin complex is unlikely to be the sole cohesion factor, and it will be important to isolate other proteins that control cohesion and to define their relationships to the cohesin complex.
